The finite field F q of q elements contains F q as a subfield. If θ ∈ F q is of degree over F q , it can be used to unfold elements of F q to vectors in F q . We apply the unfolding to the coordinates of all codewords of a cyclic code C over F q of length n. This generates a quasi-cyclic code Q over F q of length n and index . We focus on the class of quasi-cyclic codes resulting from the unfolding of cyclic codes. Given a generator polynomial g(x) of a cyclic code C, we present a formula for a generator polynomial matrix for the unfolded code Q. On the other hand, for any quasi-cyclic code Q with a reduced generator polynomial matrix G, we provide a necessary and sufficient condition on G that determines whether or not the code Q can be represented as the unfolding of a cyclic code. Furthermore, as an application, we discuss the reversibility of the class of quasi-cyclic codes resulting from unfolding of cyclic codes. Specifically, we provide a necessary and sufficient condition on the defining set T of the cyclic code C that ensures the reversibility of the unfolded code. Numerical examples are used to illustrate theoretical results. Some of these examples show that quasi-cyclic codes reversibility does not necessarily require a self-reciprocal generator polynomial for the cyclic code. Since reversibility is essential in constructing DNA codes, some DNA codes are designed as examples.
I. INTRODUCTION
We refer to a finite field of order q by F q , a cyclic code by C, and a quasi-cyclic (QC) code by Q. A cyclic code C of length n over F q is a linear subspace of F n q that is invariant under cyclic shifts of its codewords. The rich algebraic structures of cyclic codes make it one of the most prominent codes in many applications. It is known that a cyclic code C over F q of length n is an ideal in the ring R, where R is the quotient ring F q [x]/ x n − 1 . Therefore, C is uniquely identified by a monic generator polynomial g(x) of least degree such that C = g(x) .
A broader class of codes that includes cyclic codes is the class of QC codes. We denote a QC code over F q of length n and index by Q. It is known that Q is a linear subspace of F n q that is invariant under cyclic shifts of its codewords by coordinates. The QC codes have been shown to be asymptotically good [2] - [4] . Although QC codes are a generalization of periodic codes, they have a rather similar The associate editor coordinating the review of this manuscript and approving it for publication was Zilong Liu . algebraic structure [7] . A QC code Q over F q can be considered as an F q [x]-submodule of R . Therefore, Q is uniquely identified by a reduced generator polynomial matrix G [1] . There are some subclasses of the QC codes. For instance, the subclass of QC codes that can be represented as a direct sum of cyclic codes of length n. The QC codes for this subclass are identified by a diagonal generator polynomial matrix G. Another subclass is the one that contains QC codes generated by unfolding of cyclic codes over the extension field F q [7] . By unfolding, we mean applying a one-to-one map ϕ θ that represents elements of F q as vectors in F q using an appropriate basis. The unfolding of a cyclic code C of code length n, dimension k and minimum distance d min results in a QC code Q of code length n , dimension k and minimum distance not less than d min .
A code is called reversible if it is invariant under reversing the coordinates of its codewords. Massey [8] showed that a cyclic code is reversible if and only if its generator polynomial g(x) is self-reciprocal, i.e., g(x) = x deg g(x) g(1/x). In some applications, it is considerably necessary to construct reversible codes, for example, the construction of DNA codes [9] - [13] . In [9] - [11] , the reversibility of cyclic DNA codes over F 4 has been investigated. In [12] , [13] , the construction of reversible quasi-cyclic DNA codes over other algebraic structures is considered. In [5] , we investigated the reversibility of QC codes represented as the direct sum of cyclic codes and those with index = 2.
In this paper, we present some results on the subclass of QC codes resulting from the unfolding of cyclic codes using a one-one map ϕ θ : F q → F q . The map ϕ θ unfolds a cyclic code C over F q of length n to a QC code Q over F q of length n and index . Our main results are divided into three parts. In the first part, we present a formula for a generator polynomial matrix of the QC code Q resulting from the unfolding of a cyclic code C. The formula provides the generator polynomial matrix in terms of the transpose Companion matrix N of θ , an upper Toeplitz matrix U and a lower Toeplitz matrix L. The matrices U and L depend only on the generator polynomial g(x) of C. Although the obtained generator polynomial matrix is not necessarily in reduced form, the reduced form can easily be obtained by applying row operations. In the second part, we specify the condition on the generator polynomial matrix G of any QC code Q that ensures that Q is the unfolding of some cyclic code C. Namely, we demonstrate that Q is the unfolding of a cyclic code if and only if GN is a generator polynomial matrix to Q. The latter condition is equivalent to GN = MG, for some invertible matrix M . In the third part, we consider the application of reversibility in the subclass of QC codes Q resulting from the unfolding of cyclic codes C. The zeros of the generator polynomial g(x) of C specify a defining set T = {s|g(γ s ) = 0}, where γ is an n th root of unity. For even , we characterize the defining set T of C to ensure the reversibility of the unfolded QC code Q. This characterization requires that −sq /2 ∈ T for every s ∈ T . The simplicity of this condition suggests designing the generator polynomial g(x) of C in a way that constructs a reversible QC code Q with an even index . Lemma 1 specifies an element θ ∈ F q of degree over F q for the unfolding of C. In addition, the construction of a reversible QC with odd is also considered. Specifically, the reversible QC code with odd is constructed as a direct sum of a reversible QC code with even and a reversible cyclic code. Some numerical examples of even and odd are given to illustrate the theoretical results. Some of these examples show that the reversible QC code Q resulting from the unfolding of the cyclic code C = g(x) does not necessarily require a self-reciprocal generator polynomial g(x). In other examples, our construction is applied to generate DNA codes with an enormous number of long codewords.
The rest of the paper is organized as follows. Some necessary preliminaries are summarized in Section II to substantiate our results. In Section III-A, we present a formula for a generator polynomial matrix of the QC code resulting from the unfolding of a cyclic code C. In Section III-B, we identify the generator polynomial matrix G of any QC code Q to represent Q as the unfolding of a cyclic code. In Section IV-A, we propose the condition that ensures the reversibility of the unfolded code Q for even index . The case of odd is considered in Section IV-B. Some examples that illustrate our construction are given in Section V. We conclude the work in Section VI.
II. PRELIMINARIES
Throughout this paper, q is a prime power, n is a positive integer coprime to q, R is the quotient ring
generates C, Q is a QC code over F q of length n and G is the reduced generator polynomial matrix of Q.
A. ALGEBRAIC STRUCTURES OF C AND Q An F q -linear code C is cyclic if it is invariant under the cyclic shift of codewords. There is a polynomial representation for codewords of C. In [6, Chapter 4] , the codeword
In polynomial representation, the cyclicity indicates that C is an ideal in the principal ideal ring
, this is referred to as g(x)|(x n − 1). The q -cyclotomic coset modulo n of the representative s is denoted by C s . Namely,
where µ is the least positive integer such that n|s(q µ − 1). There is a correspondence between q -cyclotomic cosets modulo n and the irreducible factors of x n − 1 in F q [x]. Therefore, the factorization of x n − 1 can be obtained by listing all the q -cyclotomic cosets modulo n.
The splitting field of x n − 1 is F q τ , where τ be the least positive integer such that n|(q τ − 1). If η is a primitive element of F q τ , then γ = η q τ −1 n is a primitive n th root of unity. The zeros of x n − 1 in F q τ are precisely {γ i | i = 0, 1, . . . , n − 1}. Because g(x)|(x n − 1), zeros of g(x) are defined by a set of integers T , called the defining set of C, such that [6] shows that the defining set T is partitioned to disjoint q -cyclotomic cosets modulo n. That is
where s runs over a set of representatives for the cyclotomic cosets C s ⊆ T . So, we have the following two consequences: 
An F q -linear code Q is quasi-cyclic code if, for any codeword c = (a 0,0 , . . . , a 0, −1 , a 1,0 , . . . , a 1, −1 , . . . , a n−1,0 , . . . , a n−1, −1 ), (4) the word (a n−1,0 , . . . , a n−1, −1 , a 0,0 , . . . , a 0, −1 , . . . , a n−2,0 , . . . , a n−2, −1 ) obtained by cyclic shifts is a codeword, where a i,j ∈ F q for 0 ≤ i ≤ n − 1 and 0 ≤ j ≤ − 1.
The unfolding map ϕ θ is a one-to-one map from F q to F q defined as follows.
Folding is the process ϕ −1 θ : (a 0 , a 1 , . . . , a −1 ) → α, while unfolding is ϕ θ : α → (a 0 , a 1 , . . . , a −1 ). One can extend the map ϕ θ to fold codewords of Q or unfold codewords of C as follows. a 0,0 ,. . ., a 0, −1 , a 1,0 ,. . ., a 1, −1 ,. . ., a n−1,0 , . . . , a n−1, −1
In [7] , unfolding C generates a QC code of length n over F q . However, folding Q generates a code over F q invariant under cyclic shifts but not necessary F q -linear. Whenever the latter is F q -linear, it is a cyclic code C and we say that Q is generated by unfolding C. We are interested in the class of QC codes resulting from cyclic codes unfolding. In particular, we distinguish these QC codes from other QC codes.
C. GENERATOR POLYNOMIAL MATRIX G OF Q
Let Q be a QC code over F q of length n . Similar to cyclic codes, Q has polynomial vector representation to its codewords [14] . For this purpose, we divide each codeword c ∈ Q into sub-words, the length of each cyclic interval is n. From (4), each codeword c ∈ Q is partitioned as follows c = a 0,0 , a 1,0 , . . . , a n−1,0 , . . . . . . , a 0, −1 , a 1, −1 , . . . , a n−1, −1 .
In this representation, Q is invariant under the local cyclic shift, where the local cyclic shift of c is a n−1,0 , a 0,0 , . . . , a n−2,0 , . . . . . . , a n−1, −1 , a 0, −1 , . . . , a n−2, −1 .
Thus, the polynomial vector representation c(x) of c is
. However, other polynomial representations of QC codes exist [7] . The local cyclic shift corresponds to multiplication by x then reduction modulo x n − 1. Therefore, Q can be considered as an F q [x]submodule of R . A generator polynomial matrix is a matrix whose rows are codewords that generate Q as an F q [x]submodule. In [1] , the reduced form of a generator polynomial matrix is the upper triangular matrix
of size × that meets the following conditions: 1) For each 1 ≤ i ≤ , g i,i is monic and has a minimum degree among all codewords of the form (0, . . . , 0,
The reduced generator polynomial matrix G uniquely identifies the QC code Q. If we consider G as a matrix over
The folding ϕ −1 θ and unfolding ϕ θ maps in polynomial representations have the form
From (6), the matrix G is diagonal if and only if Q is the product of cyclic codes over F q of lengths n. In this particular case, the reversibility condition is proposed in [5] .
III. GENERATOR POLYNOMIAL MATRIX OF ϕ θ (C)
In this section, two main results are presented. First, we present a formula for a generator polynomial matrix of the QC code resulting from unfolding a cyclic code C over F q of length n. Second, we provide a necessary and sufficient condition for expressing a given QC code Q as the unfolding of some cyclic code for a certain θ . This condition is shown on the generator polynomial matrix G of Q.
A. FORMULA FOR GENERATOR POLYNOMIAL MATRIX
Let the minimal monic irreducible polynomial of θ over F q be
Remark 1: From (7), we have
From (8), one can easily show by induction that
for any integer h ≥ 0. Theorem 1: Let C be a cyclic code over F q = F q (θ ) of length n and a generator polynomial
Using the map ϕ θ in Definition 1 to unfold C, it generates a quasi-cyclic code over F q of length n , index and has a generator polynomial matrix
are × Toeplitz matrices and N is the transpose companion matrix of the minimal polynomial of θ over F q .
Proof: Let c(x) be any codeword in C.
In the language of matrices,
where T is the Toeplitz matrix of size × 2 given by
The matrix T as a block matrix is T = [U L], where U and L are the upper and lower triangular matrices, respectively, as given in the statement of the theorem. Consequently,
To unfold c(x), we write it as
Using (9), Remark 1 confirms that the unfolding of c(x) is
Thus, U + L N is able to generate the unfolding of all codewords of C. On the other hand, the matrix T shows that the rows of U + L N are exactly the unfolding of θ j g(x) ∈ C, 0 ≤ j ≤ − 1. This shows that U + L N is a generator polynomial matrix for the quasi-cyclic code generated by unfolding C. Example 1: We apply Theorem 1 to a cyclic code C over F 2 4 of length n = 5. The generator polynomial of C is
where θ is a zero to the irreducible polynomial p(
. The map ϕ θ unfolds C to a binary QC code Q of length 20 and index = 4. Theorem 1 provides the generator polynomial matrix U + L N 4 for Q, where
is a non-reduced generator polynomial matrix. The reduced generator polynomial matrix G can be obtained by elementary row operations for polynomial matrix [1] . In fact
While the matrix A that fulfills (5) is shown in (11), at the bottom of this page.
B. CONDITION ON G TO ACHIEVE Q = ϕ θ (C)
The following theorem provides a condition on the generator polynomial matrix G of any QC code Q for expressing Q as the unfolding of some cyclic code using a predetermined ϕ θ . Theorem 2: Let Q be a QC code over F q of length n generated by the reduced generator polynomial matrix G. The code Q is the unfolding of some cyclic code over F q of length n using ϕ θ if and only if there exits an invertible matrix M with entries in F q [x] such that
where N is the transpose companion matrix of the minimal polynomial of θ over F q . In other words, Q is the unfolding of some cyclic code if and only if the reduced form of G N is equal to G.
Proof: We refer to the F q [x]-algebra F q [x]/ x n − 1 by F. From (7) , the map ϕ θ :
From Section II-C, the set {g i (x) | i = 1, 2, . . . , } generates Q over F q [x], where g i (x) denote the rows of G. Consequently, ϕ −1 θ (g i (x)) | i = 1, 2, . . . ,
If Q is the unfolding of some cyclic code, then
Thus G N is a generator polynomial matrix for Q. The uniqueness of the reduced generator polynomial matrix G implies the existence of an invertible matrix M with entries in F q [x] such that
Conversely, if there exists an invertible M such that G N = M G, then G N is a generator polynomial matrix for Q. From (13), the set θ ϕ −1 θ (g i (x)) | i = 1, 2, . . . , gener-
, an ideal in F. Thus Q is the unfolding of the cyclic code corresponding to this ideal.
Example 2: Consider the QC code Q of Example 1 generated by the reduced generator polynomial matrix G given in (10) . Because Q is the unfolding of a cyclic code, Theorem 2 ensures an invertible M that satisfies G N = M G. At the bottom of the next page, the matrices G N and M are given in (14) and (15) , respectively. One can easily realize through elementary row operations that the reduced form of G N is equal to G.
IV. REVERSIBILITY OF UNFOLDED CYCLIC CODES
Let C be a cyclic code over F q of length n, a generator polynomial g(x) and a defining set T . Let Q = ϕ θ (C) be the QC code over F q of length n and index that results from the unfolding of C. For an even , we examine the elements of T to ensure the reversibility of Q. In particular, we prove a theorem that provides a condition on T to obtain an even index reversible QC code by unfolding. The characterization of T allows the design of a cyclic code C that unfolds to a reversible QC code. In addition, the case of odd index is considered separately in Section IV-B.
A. QC CODE WITH EVEN INDEX
Let Aut(F q τ /F q ) be the set of automorphisms σ of F q τ which fix F q . From [6, Theorem 3.6.2], Aut(F q τ /F q ) is a cyclic group under function composition generated by the automorphism η → η q , where η is a primitive element of F q τ . The following lemma is necessary for the selection of the element θ . Lemma 1: For a positive even integer , let θ =
Proof:
We have F q (θ ) = F q if the degree of the minimal polynomial of θ over F q is . But this degree is the same as the cardinality of the q-cyclotomic coset C s modulo (q τ − 1) for the representative s = q τ −1 q /2 +1 . In fact,
where µ is the least positive integer such that q µ q τ −1
. The latter condition is equivalent to q µ ≡ 1 (mod q /2 + 1). Actually, µ = is the least positive integer satisfying this condition. Thus, |C s | = and
Henceforth, we set θ = η
Theorem 3: For a positive even integer , let C be a cyclic code over F q of length n coprime to q and a defining set T . Let τ be the multiplicative order of q modulo n, η be a primitive element of F q τ , and θ = η
For a representative s of the q -cyclotomic coset C s modulo n, lets ≡ −sq /2 (mod n).
Using ϕ θ of Definition 1 to unfold the codewords of C generates a reversible QC code Q over F q of length n and index if and only if s ∈ T for every s ∈ T .
Proof: Using ϕ θ to unfold codewords of the cyclic code C generates a QC code Q over F q of length n and index . Thus, it remains to show that (16) is equivalent to a reversible Q.
Let c be any codeword of C, its polynomial representation is c( To unfold c(x) , we use Lemma 1 to write α i = −1 j=0 a i,j θ j for some a i,j ∈ F q , i = 0, 1, . . . , n − 1 and j = 0, 1, . . . , − 1. Therefore
The corresponding unfolded codeword ϕ θ (c) of Q is ϕ θ (c) = (ϕ θ (α 0 ), ϕ θ (α 1 ), . . . , ϕ θ (α n−1 )) = a 0,0 , . . . , a 0, −1 , . . . . . . , a n−1,0 , . . . , a n−1, −1 .
Let (ϕ θ (c)) r denotes the reverse of the codeword ϕ θ (c). Folding (ϕ θ (c)) r yields the word ϕ −1 θ ((ϕ θ (c)) r ) with polynomial representation denoted by r(x). In fact, Applying the automorphism σ and using Lemma 1 yields
Since c(x) is arbitrary codeword of C, then condition (16) is equivalent to a reversible Q because Q is reversible ⇔ r(x) is a codeword of C ⇔ r(γ s ) = 0, for each s ∈ T (Eq. (2)) ⇔ σ r(γ s ) = 0, for each s ∈ T ⇔ c(γ¯s) = 0, for each s ∈ T ⇔s ∈ T , for each s ∈ T (Eq. (3) ).
Example 3:
In Example 1, we considered unfolding a cyclic code C with the following parameters: q = 2, = 4, n = 5, τ = 1 and generator polynomial
where θ = γ = η 3 is a primitive 5 th root of unity and η is a root to the primitive polynomial (16) is satisfied on T since −2 2 s (mod n) ∈ T for s = 0, 1, 2. Therefore, the QC code Q generated by the matrix (10) is a reversible code.
B. QC CODE WITH ODD INDEX
Although Theorem 3 suggests a condition to generate a reversible QC code Q of even index , it can be used to generate a reversible QC code Q of odd index . Let be an odd integer. Using the proposed condition, a reversible QC code Q over F q of length n( − 1) and index − 1 can be generated by unfolding a cyclic code C of length n over F q −1 . Additionally, a reversible cyclic code R of length n over F q is constructed. According to [8] , R must be generated by a self-reciprocal generator polynomial over F q . Now, the direct sum of Q and R can generate a QC code Q of odd index over F q and length n . Specifically, for each pair of codewords a 0,0 , . . . , a 0, −2 , a 1,0 , . . . , a 1, −2 , . . . , a n−1,0 , . . . ,
, . . . , a 1, −2 , . . . , a n−1,0 , . . . , a n−1, −3 2 , b n−1 , a n−1, −1 2 , . . . , a n−1, −2 ∈ Q.
(18)
The reverse of the codeword of Q is the result of the direct sum of the reverses of the corresponding codewords of Q and R. Hence, the reversibility of Q and R implies the reversibility of Q.
V. NUMERICAL EXAMPLES

Example 4:
We construct a binary reversible QC code Q of length 68 and index 4 by unfolding a cyclic code C. We have q = 2, = 4 and n = 17. The multiplicative order of q = 16 modulo n = 17 is τ = 2. The primitive element η of F 2 8 is chosen as a zero of the polynomial
The primitive 17 th root of unity is γ = η 15 . From Theorem 3, we have θ = η 51 . Distinct 16-cyclotomic cosets C s , written in pairs C s and Cs, are given as Different choices can be made for the defining set T of the cyclic code C. Theorem 3 guarantees the reversibility of Q if and only ifs ∈ T for each s ∈ T . One possible option is to choose the code C to be a narrow-sense BCH code with a designed distance 6, see [6, §5.1] . Hence,
However, the reversibility of Q requires appending C 8 to T as well. Therefore,
Since |T | = 12, the code C has a dimension of 5 and contains 2 4 5 = 1048576 codewords. The generator polynomial of C is given by
The unfolded code Q is a binary reversible QC code of length 68, index 4, contains 1048576 codewords and minimum distance of at least 6.
In Example 4, one observes that the constructed generator polynomial g(x) is self-reciprocal. In general, this is not necessary as Example 3 and the next examples show.
Example 5: We construct a reversible QC code Q over F 7 of length 44 and index 2 by unfolding a cyclic code C over F 49 of length 22. We have q = 7, = 2 and n = 22. The multiplicative order of q = 49 modulo n = 22 is τ = 5. The primitive element η of F 7 10 is chosen as a zero of the polynomial
. The primitive 22 nd root of unity is γ = η 12839784 . From Theorem 3, we have θ = η 35309406 . Since −q /2 ≡ q 3 (mod n), we have Cs = C s for every s. Thus, the proposed reversibility condition (16) is always satisfied for any choice of T . Distinct 49-cyclotomic cosets C s = Cs, are given as Different choices can be made for the defining set T of the cyclic code C. One possible option is to choose the code C to be a maximal cyclic code [16, Def. 6.1.6], e.g., T = C 1 = {1, 5, 3, 15, 9}. Since |T | = 5, the code C has a dimension of 17 and contains 7 2 17 codewords. The generator polynomial of C is given by
The unfolded code Q is a reversible QC code over F 7 of length 44, index 2, contains 7 34 codewords. Example 6: It may be useful in DNA computing to construct a reversible QC code Q over F 4 of length 153 and index 3. We have q = 4, = 3 and n = 153, hence n = 51. According to the discussion of Section IV-B, since = 3 is odd, we construct two codes:
• A reversible QC code Q over F 4 of length n( −1) = 102 and index − 1 = 2 by unfolding a cyclic code C of length 51 over F 4 2 .
• A reversible cyclic code R of length n = 51 over F 4 . This code R must be generated by a self-reciprocal generator polynomial over F 4 [8] . In the way of (18), the direct sum of Q and R generates the QC code Q.
We start by the reversible QC code Q. The multiplicative order of q −1 = 16 modulo n = 51 is τ = 2. The primitive element η of F 4 4 is chosen as a zero of the polynomial
is a primitive element of F 4 . The primitive 51 st root of unity is γ = η 5 . From Theorem 3, we have θ = η 51 . Distinct 16-cyclotomic cosets C s , written in pairs C s and Cs, are given as Different choices can be made for the defining set T of the cyclic code C. One possible option is to choose the code C to be a narrow-sense BCH code with a designed distance 3. Hence, C 1 ∪ C 2 ⊆ T . However, Theorem 3 requires appending the corresponding C 38 ∪C 25 to T for the reversibility of Q. Therefore, T = C 1 ∪ C 2 ∪ C 38 ∪ C 25 . Since |T | = 8, the code C has a dimension of 43 and contains 4 2 43 codewords. The generator polynomial of C is given by Unfolding C yields a reversible QC code Q over F 4 of length 102, index 2, contains 4 86 codewords and minimum distance of at least 3. Now, we construct the reversible cyclic code R. It is completely identified by a self-reciprocal generator polynomial r(x) ∈ F 4 [x] . For instance, the choice r(x) = 1+x 4 +x 5 +x 6 +x 7 +x 8 +x 9 +x 10 +x 11 +x 12 +x 16 generates a reversible cyclic code over F 4 of length 51, dimension 35 and a designed distance of 3. The direct sum of Q and R as shown in (18) yields a reversible QC code Q over F 4 of length 153, index 3 and minimum distance of at least 3. The required DNA code is constructed by identifying the four symbols {A, C, G, T } with the four elements of F 4 , see [15] . Moreover, Q and R, and so Q contain the codeword consisting of all ones, then the generated DNA code satisfies the Watson-Crick complement [15] . Thus we generated a reverse-complement QC DNA code containing 4 86 × 4 35 DNA strands.
VI. CONCLUSION
In this work, the class of QC codes over F q resulting from unfolding of cyclic codes over the extension field F q is considered. Starting with the generator polynomial g(x) of a cyclic code, we provide an explicit formula for the generator polynomial matrix of the QC code in terms of two Toeplitz matrices and the transpose companion matrix N . On the other hand, given any QC code Q with a reduced generator polynomial matrix G, we stipulate the matrix G with a condition equivalent to writing Q as the unfolding of some cyclic code. In the last half of this work, we consider the application of reversibility for the class of QC codes resulting from the unfolding of cyclic codes. For even , Theorem 3 established a condition on the defining set of the cyclic code equivalent to the reversibility of the corresponding QC code Q. Subsequently, in Section IV-B, we dealt with the construction for the case of odd . Some examples have shown that the reversibility of the constructed QC code Q does not require a self-reciprocal generator polynomial g(x). Another example shows the capability of constructing a very large DNA code that satisfies the reversibility and the Watson-Crick complement constraints.
